A new study reports unsupervised, experience-dependent reorganization, but not stabilization, of neural odor representations in the zebrafish olfactory system.
experienced low ocean productivity were all independently associated with poor reproductive performance at the breeding grounds. This is likely a consequence of the combined effects of prey availability during the breeding season (linked with density-dependent competition) and adult body condition related to conditions during the previous winter. Such interseasonal interactions are well known [13] , but what is unusual here is the level of detail and the opportunity to explore different mechanisms.
As well as providing unique insight into the diversity of migratory behaviours in birds, the study of Fayet and colleagues [4] provides important information relevant to conservation. Puffin numbers have declined sharply at some breeding colonies, and for this reason the species was recently reclassified from 'Least Concern' to 'Vulnerable'. Protecting breeding colonies is the first and most straightforward step in the process, but it is clear that conditions in the wintering areas also shape the demographic fortunes of puffins. As the new study reveals, puffins are truly pelagic travellers, occupying huge tracts of the open ocean, crossing many international borders and jurisdictions. Developing an effective conservation strategy for vulnerable migratory species like this one is therefore extremely challenging, but some wintering hotspots were evident and it might therefore be desirable to consider these as priorities for protection [14] .
A final heartening message from the study of Fayet and colleagues [4] was that, much like puffins, the authors had little regard for international boundaries -the research team comprised 22 authors from 8 countries. Adopting this outward-looking and collaborative ethos, at a time when some would create a world with more borders, is surely essential if we are to have any hope of maintaining a favourable future for the diversity of migratory animals. Learning is often described in two contexts, supervised and unsupervised. In supervised learning, an instructional or a reinforcement signal is used to guide plasticity; for example, rodents trained in a motor task can eventually produce complex and highly stereotyped muscle movements [4] . In unsupervised learning, such as the formation of episodic memories, learning is thought to occur in the absence of any instructional signal; rather, learning is implemented by changes in the strength of synaptic connections between neurons that are repeatedly co-activated [5] [6] [7] [8] . Typically, coincident activity between presynaptic and postsynaptic neurons is detected by postsynaptic NMDA receptors, which trigger the signaling pathways that lead to changes in synaptic strength. Although plasticity may occur through a variety of mechanisms, it is almost always thought to optimize neural responses towards a target outcome. In this issue of Current Biology, Jacobson et al. [9] report several intriguing findings from an elegantly performed study that highlight novel forms of plasticity in olfactory processing. They examined odor representations in two stations of the zebrafish olfactory circuit, the olfactory bulb (OB) and the dorsal-posterior telencephalon (Dp), the teleost homolog of primary olfactory cortex. Odor responses to repeated presentations of an odor were visualized using multiphoton imaging of calcium transients in an ex vivo preparation of the zebrafish brain and nose ( Figure 1A) : the results revealed three distinct forms of plasticity.
After the very first presentation of any odor, Jacobson et al. [9] observe a marked decrease in response amplitudes in both OB and Dp ( Figure 1B) . The authors describe this phenomenon as the 'first-trial effect'. The first-trial effect is partially odor-specific, recovered over long timescales (tens of minutes), and is unaffected by the NMDA receptor antagonist, APV. It is not immediately apparent why the first-trial effect exists and what its behavioral relevance might be. Perhaps the first-trial effect originates at the olfactory receptor level, to prevent saturating subsequent stages of odor processing with redundant information. To our knowledge, this effect has not been widely observed and reported until now. This may be because the first-trial effect is specific to this particular preparation. Alternatively, the authors posit that this effect may have been missed because, in many studies, animals are often exposed to a few test odor trials prior to data acquisition. It will therefore be important to determine whether this effect is generalizable across systems and, if so, to adjust experimental designs accordingly.
Beyond the first odor presentation, OB response amplitudes remain similar and stimulus-evoked activity patterns remain highly correlated for the duration of the experiment. Odor responses in Dp, however, exhibit two additional forms of plasticity ( Figure 1B) (A) Primary stages of olfactory processing: odor information is detected by sensory neurons in the nasal epithelium and then relayed through the olfactory bulb (OB) to the dorsal-posterior telencephalon (Dp). (B) After the first presentation of any odor, response amplitudes, indicated by color intensity, decrease markedly in OB and Dp (first trial effect). On subsequent presentations of the same odor, response amplitudes and activity pattern correlations remain stable in OB, but systematically decrease in Dp (adaptation and representation shift). Adaptation and representation shift in Dp are abolished in the presence of APV (dotted line).
without reaching a steady state, which they term 'representation shift'. Both adaptation and representation shift are experience-dependent; that is, they change systematically with each stimulus presentation, rather than with elapsed time. Crucially, both processes are blocked by the NMDA receptor antagonist, APV, suggesting that adaptation and representation shift are a consequence of synaptic plasticity.
Jacobson et al. [9] suggest that the slow, progressive adaptation observed in Dp may allow the system to increase its sensitivity to novel stimuli. This seems quite reasonable; however, it is the representation shift that we find especially intriguing, because it is at odds with previous models of sensory learning. Typically, stimulus-evoked activity stabilizes during learning tasks in ways that improve the system's ability to reliably represent the learned stimuli. For instance, mouse V1 neurons become more reliable and selective in their responses to a stimulus over the course of visual discrimination training [10] , and touch representations in mouse somatosensory area vS1 become more predictable following learning of a whisker-mediated object-localization task [11] . In olfaction, stable cortical odor representations are thought to emerge through an unsupervised Hebbian learning process, by which synaptic connections between repeatedly co-active neurons are selectively strengthened through NMDA receptor-dependent plasticity [12, 13] . A fundamental prediction of this model is that responses should converge on a stable state, becoming progressively less variable with experience. The authors speculate that the number of odor trials presented, typically eight, may not have been sufficient to observe stabilization, and that the decrease in correlations might have plateaued after several more trials or even over several days. However, behavioral performance in sensory learning tasks improves very rapidly, implying the existence of reliable and, therefore, presumably increasingly stabilized representations even within the first eight trials [10, 14, 15] .
If plasticity underlies learning but does not stabilize stimulus representations, then what does learning achieve? Should we even call this type of plasticity learning? Given that sensory input is noisy and stimulus meaning can vary with context, sensory systems must retain the ability to update representations according to changes in the stimulus and its salience. In this case, representation shift may contribute to optimization by allowing an effective and unbiased exploration of stimulus space. And, perhaps, stimulus representations in higher order odor processing centers remain labile until a reinforcement signal is presented. In which case, is an unsupervised Hebbian process an accurate model for the stabilization of cortical odor representations? Clearly, much remains to be done to determine whether and how these distinct forms of neuronal plasticity observed at different stages of the olfactory system relate to odor perception, learning and memory.
Stimulus-driven reorganization of activity patterns that does not approach a steady state is an important finding that challenges mainstream notions of learning, especially within the context of sensory processing. Ultimately, the impact of the Jacobson et al. [9] study will depend on how it is contextualized within the larger framework of how the brain develops strategies to interpret and navigate the sensory world in a way that best ensures fitness and species survival.
